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I summarize the determination of neutrino oscillation parameters within the three-flavor frame- 
work from world neutrino oscillation data with date of May 2006, including the first results from 
the MINOS long-baseline experiment. It is illustrated how the determination of the leading "solar" 
and "atmospheric" parameters, as well as the bound on 6*13 emerge from an interplay of various 
complementary data sets. Furthermore, I discuss possible implications of sub-leading three-flavor 
effects in present atmospheric neutrino data induced by Am|i and #13 for the bound on 613 and 
non-maximal values of 623, emphasizing, however, that these effects are not statistically significant 
at present. Finally, in view of the upcoming MiniBooNE results I briefly comment on the problem 
to reconcile the LSND signal. 



I. INTRODUCTION 



In the last ten years or so we have witnessed huge 
progress in neutrino oscillation physics. The out- 
standing experimental results lead to quite a clear 
overall picture of the neutrino sector. We know that 
there are two mass-squared differences separated 
roughly by a factor of 30, and in the lepton mixing 
matrix there are two large mixing angles, and one 
mixing angle which has to be small. In this talk I re- 
view the present status of neutrino oscillations by re- 
porting the results of a global analysis of latest world 
neutrino oscillation data from solar 3> 0. 13 > atmo- 
spheric 0, |U , reactor |(J Q , and accelerator 0, || 
experiments, including the recent data from the MI- 
NOS long-baseline experiment Q- This analysis is 
performed in the three-flavor framework and is based 
on the work published in Refs. 0>EJ (see also the 
hep-ph archive version 5 of Ref. for updated 
results). In Sec. [D] I discuss the determination of 
the leading "solar" and "atmospheric" parameters, 
whereas Sec. IIIII deals with the bound on #13 from 
global data. The status of three-flavor oscillation 
parameters is summarized in Tab. [I] In Sec. IIVI a 
discussion of sub-leading effects in atmospheric data 
is given, and in Sec. 01 comment on attempts to rec- 
oncile the result of the LSND experiment [12| with 
the global oscillation data. 



II. LEADING OSCILLATION 
PARAMETERS 



In this section I discuss the determination of 
the leading oscillation parameters, the "solar" pa- 
rameters #12, Aniji, and the "atmospheric" para- 
meters 023 , AtoIj. In both cases we have an indepen- 
dent confirmation of neutrino oscillations from very 
different experiments, and the final allowed regions 
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for the oscillation parameters emerge from an inter- 
play of complementary data: The determination of 
the mixing angle is dominated by experiments with 
natural neutrino sources (solar and atmospheric neu- 
trinos), whereas the mass-squared differences are 
more accurately determined by man-made neutrinos 
(from reactors and accelerators). This complemen- 
tarity is illustrated in Fig. 

Details of our solar neutrino analysis can be found 
in Ref. ^3] and references therein. We use data 
from the Homestake, SAGE, GNO, and SK experi- 
ments pj, and the SNO day-night spectra from the 
pure D 2 phase @], but the CC, NC, and ES rates 
from the SNO salt-phase are updated according to 
the latest 2005 data 0- The predictions for the 
solar neutrino fluxes are taken from Ref. [l^. For 
the KamLAND analysis we are using the data from 
Ref. [f| equally binned in l/E pI (E pr is the prompt 
energy deposited by the positron), and we include 
earth matter effects and flux uncertainties following 
Ref. (see the appendix of Ref. for further 
details) . 

We observe from Fig. ^ (left) a beautiful agree- 
ment of solar and KamLAND data. Moreover, the 
complementarity of the two data sets allows a rather 
precise determination of the oscillation parameters: 
The evidence of spectral distortion in KamLAND 
data provides a strong constraint on Amfi, and 
leads to the remarkable precision of 4% at la (com- 
pare Tab.[l]). Alternative solutions around Am^ ~ 
2 x 10" 4 eV 2 (~ 1.4 x 10" 5 eV 2 ), which are still 
present in the KamLAND-only analysis at 99% C.L., 
are ruled out from the combined KamLAND+solar 
analysis at about 4a (5a). In contrast to Am^, 
the determination of the mixing angle is dominated 
by solar data. Especially recent results from the 
SNO experiment provide a strong upper bound on 
sin 2 #12, excluding maximal mixing at more than 5a. 

Oscillations with the "atmospheric" parameters 
823 and Am 2 ,! have been established by the atmo- 
spheric neutrino data of SK 4]. Details of our re- 
analysis of the SK-I zenith angle distributed data 
can be found in Ref. and references therein. 
The allowed region is shown in Fig. ^ (middle). 
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parameter 


bfilcr 


lcr acc. 


2cr range 


3a range 


Amla [10" 5 eV 2 ] 


7.9 ±0.3 


4% 


7.3-8.5 


7.1 - 8.9 


| Amir ] [10" 3 eV 2 ] 


r+0.20 

z -°-0.25 


10% 


2.1-3.0 


1.9-3.2 


sin 2 0!2 


0.30lH 2 3 


9% 


0.26 - 0.36 


0.24 - 0.40 


sin 2 823 


0.501H? 


16% 


0.38 - 0.64 


0.34 - 0.68 


sin 2 0i3 






< 0.025 


< 0.041 



TABLE I: Best fit values (bf), la errors, relative accuracies at la, and 2a and 3a allowed ranges of three-flavor 
neutrino oscillation parameters from a combined analysis of global data. 



"solar" parameters "atmospheric" parameters impact of MINOS data 




FIG. 1: Determination of the leading oscillation parameters from an interplay of experiments with natural and 
artificial neutrino sources (left and middle panels). In the right panel the allowed regions are shown with (colored 
regions) and without (contour curves) MINOS data. In the left and middle panels the allowed regions are shown at 
90% CL (dashed curves) and 99.73% CL (solid curves and shaded regions), whereas in the right panel regions are 
shown at 90%, 95%, 99%, and 99.73% CL. 



Also In this case, by now we have an independent 
confirmation of the effect by experiments based on 
man-made neutrinos, namely the first generation of 
long-baseline (LBL) accelerator experiments explor- 
ing the Vy, disappearance oscillation channel. In the 
K2K experiment [8j the neutrino beam is produced 
at the KEK proton synchrotron, and originally con- 
sists of 98% muon neutrinos with a mean energy of 
1.3 GeV. The content of the beam is observed at 
the SK detector at a distance of 250 km. For the 
K2K-I and K2K-II data (0.89 x 10 20 p.o.t. in total) 
107 events have been detected, whereas 151^q have 
been expected for no oscillations. 

Recently first data (0.93 x 10 20 p.o.t.) from the 
MINOS experiment have been released Q- A neu- 
trino beam with 98.5% (y^ + D^) and a mean en- 
ergy of 3 GeV is produced at Fermilab and observed 
at the MINOS detector in the Soudan mine at a 
distance of 735 km. In the absence of oscillations 
177 ± 11 events with E < 10 GeV are expected, 
whereas 92 have been observed, which provides a 
5.0(7 evidence for disappearance. In our re-analysis 
we use spectral data divided into 15 bins in recon- 
structed neutrino energy, and our allowed region 
from MINOS-only is in very good agreement with 
the official result 9] . The values of the oscillation pa- 
rameters from MINOS are consistent with the ones 
from K2K, as well as from SK atmospheric data. 



The impact of the data from MINOS in the global 
analysis is illustrated in Fig. (right). We find that 
the best fit point for Am^ is shifted upward from 
2.2 x 10~ 3 eV 2 for SK+K2K to 2.5 x 10~ 3 eV 2 . In ad- 
dition MINOS improves the lower bound on Ato 2 ^, 
which is increased from 1.4 x 10~ 3 eV 2 for SK+K2K 
to 1.9 x 10 -3 eV 2 at 3c. The relative accuracy on 
Am^j at lcr is improved from 14% to 10%. As obvi- 
ous from the middle panel of Fig. ^the determina- 
tion of #23 is completely dominated by atmospheric 
data and there is no change due to MINOS. Let us 
add that present data cannot distinguish between 
Am^j > and < 0, and hence, both, the normal and 
inverted neutrino mass hierarchies provide equally 
good fits to the data. 



III. THE BOUND ON 6» 13 

Similar to the case of the leading oscillation pa- 
rameters, also the bound on #13 emerges from an 
interplay of different data sets, as we illustrate in 
Fig. [21 An important contribution to the bound 
comes, of course, from the CHOOZ reactor exper- 
iment combined with the determination of Am 2 ^ 
from atmospheric and LBL experiments. However, 
due to a complementarity of low and high energy so- 
lar data, as well as solar and KamLAND data also 
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FIG. 2: The bound on sin 2 6*13 from the interplay of the 
global data. 



solar+KamLAND provide a non-trivial constraint 
on 6»i3, see e.g., Refs. [HI HHEi. We find at 90% CL 
(3<7 ) the following limits: 



sin 2 6»i3 < 



0.027(0.058) 
0.033 (0.071) 
0.020 (0.041) 



CHOOZ+atm+LBL, 
solar+KamLAND, 
global data. 



The addition of MINOS data leads to a slight 
tightening of the constraint (the 3a limit from 
CHOOZ+atm+K2K is shifted from 0.067 to 0.058 
if MINOS is added) because of the stronger lower 
bound on Am| 1; where the CHOOZ bound becomes 
weaker (c.f. Fig. 01. Note that also the update in the 
solar model [l3j leads to a small shift in the limit 
from solar+KamLAND data (from 0.079 to 0.071 at 
3ct) . Both of these updates contribute to the change 
of the global bound from 0.046 Q]J to 0.041 at 3a. 



IV. SUB-LEADING EFFECTS IN 
ATMOSPHERIC NEUTRINOS 



In principle one expects that at some level sub- 
leading effects will show up in atmospheric neutri- 
nos, involving oscillations with Aw 91 or effects of 
a finite 13 , see e.g., Refs. [13 E El pi El An 
excess of e-like events observed in SK y| might be 
a possible hint for such effects, and in Refs. (l9Tl2fj| 
a slight preference for non-maximal values of 623 < 
7r/4 has been found. In contrast, the SK analysis 
presented in Ref. plj did not confirm that hint. 



From a full three-flavor analysis of SK data |22j 
shown in Fig. |3 one finds that indeed sub-GeV data 
prefer a value 6*23 < 7r/4, however, if only multi-GeV 
data is used the best fit occurs for 823 > n/4. Sum- 
ming sub- and multi-GeV data leads incidentally to 
a cancellation of both effects and the best fit oc- 
curs very close to maximal mixing. Finally, using all 
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FIG. 3: Contours of A X 2 = 0.2,0.5,1,4.6 in the plane 
sin 2 (923-sin 2 #13 from various SK data samples, taking 
into account oscillations with Am^ = 8 x 10~ 5 eV 2 . 



data including sub-GeV, multi-GeV, stopping and 
through-going /i-like data, the best fit moves again 
to sin 2 #23 = 0.46 [ijj- From these considerations 
we conclude that the final result for #23 appears as a 
delicate interplay of different data samples, involving 
cancellations of opposite trends. Hence the result is 
rather sensitive to the very fine details of the anal- 
ysis. Let us stress that the A^ 2 contours shown in 
Fig. 01 correspond to 9.5%, 22%, 39%, and 90% CL 
(2 d.o.f.), i.e., there is no significance in these effects. 
The purpose of this analysis is to show that present 
data does not allow to obtain statistically mean- 
ingful indications of non-maximal values of 623 nor 
of non-zero values of # 13 . Nevertheless, sub- leading 
three-flavor effects in atmospheric oscillations can be 
explored in future Mt scale water Cerenkov [2^ or 
magnetized iron calorimeter experiments, and 
may provide complementary information to LBL ex- 
periments. 



Fig. 0] illustrates how details of the atmospheric 
neutrino analysis affect the bound on sin 2 #13 from 
CHOOZ+atm+K2K data. It is evident from the 
figure that the inclusion of three-flavor effects (from 
613 and/or Am^), as well as different treatments of 
systematics lead to an "uncertainty" of about 16% 
on the bound on sin 2 #13 at 2a, as indicated by the 
"error bar" in the figure. Note that the shifts of 
the global #13 limit due to MINOS or changes in the 
solar neutrino analysis reported in Sec. IIIII are at 
the same level as this uncertainty from details in the 
atmospheric neutrino analysis. 
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FIG. 4: Dependence of the bound on sin 2 #13 from 
CHOOZ+atm+K2K data on the details of the atmo- 
spheric neutrino analysis. The curves (from top to bot- 
tom in the legend) correspond to (i) the analysis of 
Ref. [Till without Amf^-effects, (ii) a 2-flavor analysis 
neglecting #13 effects in ATM, (in) an analysis with a 
different systematical error treatment |25|. (iv) taking 
into account the effect of Amli for both types of the 
neutrino mass hierarchy, (v) using the 2-flavor SK anal- 
ysis 0, (vi) the SK analysis |26| taking into account 613 
effects for both hierarchies, and (vii) the analysis from 
Ref. Hj. 



V. THE LSND PROBLEM 

To reconcile the LSND evidence 0] f° r — ¥ v e 
oscillations with Am 2 ~ eV 2 is a long-standing prob- 
lem for neutrino phenomenology, and the commu- 
nity is eagerly waiting for an experimental answer to 
this problem from the MiniBooNE experiment [27| ■ 
The three required mass-squared differences can be 
obtained in four-neutrino mass schemes, but such 
models cannot accommodate the constraints on the 
mixing [2^ (see Ref. [ll| for an updated analysis): 
Mass schemes of the (2+2) type predict that a large 
fraction of the sterile neutrino participates in so- 
lar and/or atmospheric neutrino oscillations, which 
in both cases is disfavored by the data [2^, |2^| . 
and therefore such schemes are ruled out at more 
than 5cr CL. The (3+1) mass spectra are in perfect 
agreement with solar and atmospheric data, how- 
ever, they suffer from a tension between the LSND 
signal and null-result short-baseline disappearance 
experiments [3fl l3l| . most importantly Bugey 
and CDHS 33] , which disfavors these models at the 
3a level. 

In Ref. [34| a five-neutrino mass scheme of the 
type (3+2) has been considered to avoid these con- 
straints, and it is claimed that the disagreement 
measured by the so-called parameter goodness-of- 
fit [H is improved from 0.032% for (3+1) to 2.1%. 
However, it should be noted that, apart from possi- 
ble severe conflicts with constraints from cosmology, 
the best fit point found in Ref. [34| seems to be dis- 
favored also from atmospheric neutrino data. As 
pointed out in Ref. 31] atmospheric neutrinos pro- 




FIG. 5: Constraint on the parameter from atm+K2K 
data from Ref. compared to the best fit prediction 
of the (3+2) neutrino mass scheme |3^| . 



vide a constraint on a parameter d^, denoting the 
fraction of i/„ which does not participate in oscilla- 
tions with Am 2 tm . In the (3+2) scheme this para- 
meter is given by d„, = lU^] 2 + | t/ M 5 1 2 , and with the 
best fit values 34] U^ 4 = 0.204, = 0.224 one 
finds dfj, « 0.09. As visible from Fig. 03 this value 
leads to a A% 2 ~ 12.5 from atmospheric+K2K data, 
and hence seems to be disfavored at the 3.5cr level. 
Therefore, a re-analysis of the (3+2) scenario includ- 
ing the constraint from atmospheric data seems to 
be required to judge the viability of this model. 

In view of these difficulties to explain the LSND 
result with neutrino oscillations several alternative 
mechanisms have been proposed, see Ref. |36) for 
references. In addition to the fact that some of them 
involve very speculative physics, many of these pro- 
posals have also phenomenological problems to ac- 
commodate all constraints. Scenarios which seem to 
be in agreement with all present data are a model 
with a decaying sterile neutrino l3fj|. a four-neutrino 
mass scheme plus CPT violation |37j. and a model 
based on sterile neutrinos and large extra dimen- 
sions |38[ . 



VI. SUMMARY 

In this talk I have summarized the status of neu- 
trino oscillations with May 2006, providing updated 
best fit values and allowed ranges of the three-flavor 
neutrino oscillation parameters. The impact of the 
recently released first data from MINOS on the de- 
termination of Am^j as well as on the bound on 
9i3 has been investigated. Furthermore, sub-leading 
effects in atmospheric neutrino data have been dis- 
cussed, stressing that hints for non-maximal values 
of 023 and/or non-zero values of #13 depend on the 
fine details of the analysis and are not statistically 
significant. In view of the upcoming results from 
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MiniBooNE I have reviewed once again the prob- 
lem related to the LSND result, and a confirmation 
of the effect by MiniBooNE would imply a serious 
challenge to neutrino oscillation phenomenology. 
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